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What are the Vector-Like Quarks?

Hierarchy problem:

2 2 2
e O
Ac g4 o o
°d
5miro</ P A2
0

p? ¢ t
Vector-Like Quarks (VLQs) appearin some BSM models to solve the mass hierarchy
problem.
Vector-like: same EW transformations for left- and rigth-handed components.
Quarks: colour-triplets, spin-1/2 particles with same strong coupling.
Spectrum of VLQs: X,5/3, T+9/3, B4/3, Y.4/3 -
Still allowed by constraints on 4th generation of quarks.

A gauge-invariant Dirac mass term is possible.
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Common assumptions in LHC searches

* Minimal assumptions in most Run-1 and Run-2 searches:

19/11/24

No couplings to other BSM particles.

Narrow Width Approximation is required to ensure that
theoretical computations remain valid.

Coupling exclusively to third generation of quarks.

In the large mass limit (~ TeV), Goldstone Equivalence theorem.

One SU(2) multiplet at atime is assumed.

Standard Model couplings are not modified by the presence of
VLQs.

If the scalar sector only contains SU(2), doublets, 7 gauge-
covariant SU(2) multiplets are possible:

X T

NORCRCNOND

Multiplet T

Hypercharge | +2/3 -1/3 +1/6 +7/6 -5/6 +2/3 —1/3
Weak isospin 0 0 1/2 1/2 1/2 1 1
Color charge 1 1 1 1 1 1 1
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S ATLAS

Interpreting results for [/mg < 50%

BR(Q->Hq) +BR(Q ->Zq) +BR(Q ->Wq’) =1

BR(Q ->Hq) =BR(Q ->Zq)



Common assumptions in LHC searches
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theoretical computations remain valid.
Coupling exclusively to third generation of qu

In the large mass limit (~ TeV), Goldstone Equivalence theorem.
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T singlet: BR(T->Zt)=BR(T->H1)=0.25

T doublet: BR(T->Zt)=BR(T->H1)=0.5


https://link.springer.com/article/10.1007/JHEP11(2014)104

VLQs atthe LHC

* Two

production modes at the LHC:

Pair production: dominant for low masses, it only depends on mg,:

(T(CZS”17Q)

Single production: dominant for large masses, it depends on mg
and non-standard EW couplings.

q

q

Q|

8

Strong interaction 2 SM-like  W/H/z
EW interaction = non-SM-like

g b

 Simplified Lagrangian to interpret the results on few parameters.

19/11/24

o(k, mg) , with k the overall coupling to SM bosons.
I/mgq o< k2 mg?

10

T T TETTIT

T IIIIIII‘ J IIII,““[. _lIIIII”

xn

13 TeV

Phys. Rev. D 88, 094010
Aguilar-Saavedra et al.
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Relative couplings &, &, &, (equivalent to the branching ratios in the large mass limit).
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Current constraints

* Stringent constraints are being established by

ATLAS and CMS.

* Wide range of final states for singly-produced VLQs

explored by ATLAS:
e B> DbH (H>yy; H>bb).
« T/Y > Wb (W>2v; W>qq).
e T->Ht/Zt(Z>vv; Z>L20;Z>qq). This talk!!

Np/ My

* This combination set the most stringent limits on
Vector-like Top quarks to date: Paper

19/11/24

0.01

CPAN 2024 Adrian Rubio Jimenez

0.50

0.10

0.05

PATLAS

EXPERIME

arXiV: 2406.091 93

u Palr productlon llmJts on smglet T and B

2209.07327 (CMS)

o
aett
o
0
-
ot

= T Singlet ==== T Doublet

----- B Singlet  seseiee (B,Y) Doublet

B 7 - 2t Z- v (0L), 2402.16561 (ATLAS)
B 7 - 2t (ML), 2307.07584 (ATLAS)

|

[l T - Ht (0L), 2201.07045 (ATLAS)

Il 7 - Ht, H > yy (OL1L), 2302.12802 (CMS)
.T = Zt, Z - vv (OL), 2201.02227 (CMS)
B T - Wb,Zt,Ht, 2405.17605 (CMS combination) |
Il B - Hb, H - bb (0L), 2308.02595 (ATLAS)

800

1000 1200 1400 1600 1800 2000 2200

my (GeV)


https://arxiv.org/pdf/2408.08789
https://arxiv.org/pdf/2406.09193
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Analyses to combine

Mono-top (0 lepton)

q

Missing
Energy

Boosted
Top quark

Ht/Zt (1 lepton)

FORWARD JET

BOOSTED
TOP

* Orthogonal final states by lepton multiplicity.

* Exploring both SU(2) singlet and doublet scenarios.

* Setting limits to same observables: a(k, my,q)

19/11/24
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$ATLAS

EXPERIMENT

OSML (2 & 3 leptons)
<) > 1 forward jet

Z candidate
pr(Z) > 200 GeV

= > 1 top-tagged
\ large-R jet

> 1b-ta
| =77
i ) > 1 forward jet
/

max[pr(lep)] > 200 GeV

[/ Z candidate
/| pr(€€) > 300 GeV

> 3 leptons
Ap(Z,1ep-3) >

b

> 1b-tag

Ap(Z, lead-b) > g

10


https://link.springer.com/article/10.1007/JHEP05(2024)263
https://link.springer.com/article/10.1007/JHEP08(2023)153
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.112012

Mono-top analysis IFIC yATLAS

NSTI U D I l
CORPUSC
Preselection .. ‘ . .I?ubllcatlon:JHEP05(2024)263
= Regions definition
q . %
Emiss > 250 GeV =

| r | 2

4 et - K B

o ! large-radius jet with 1 TVR1bLPhi A

5 | 0 Gev LTI HED

- SROb XGB > 0.5
« Lepton veto. 0 |
* Ag¢(jets,E{miss) > 0.2 .
T 02 1.0 v E A (.ET™)
Ermiss min a
Strategy
* Background estimation fitting to data in control regions. Main backgrounds
* Boosted Decision Tree (BDT) to enhance sensitivity in signal regions. Top pairs
* Likelihood fit in both control regions (yields) and signal regions (BDT). W/Z+jets
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https://link.springer.com/article/10.1007/JHEP05(2024)263

Mono-top analysis IFIC ¥ ATLAS

Publication: JHEP05(2024)263

Preselection ) )
Signal regions
! § 10 ATLAS  eDam  —viax5 - 5 | ATLAS  eDaa  —VIQx5
i w E {s=13TeV, 139 fb" Wl To W Z+jets ] w B Vs =13TeV, 139 b W To W Zijets =
E TmISS > 250 GeV - Monotope ijets lSir:g:e top - 10; Msonotope ijets lSir:gTe top E
[ SROb1fvLQ Diboson [tV T r SR1bif VLQ Diboson [tV
| Post-Fit “ Uncertainty— Pre-Fit Bkg. | | Post-Fit 2 Uncertainty— Pre-Fit Bkg. |
At least one top-tagged “F s .
large-radius jet with - - ;
p pP>350 GeV ‘0 o
* Lepton veto.
. H & 1c t ; .y 1
¢ Acp(JetS,ETmISS) >0.2 @ 1255 T Tl ————— ® 125 :
g . {/ (//77//// § R
[a} 75 E (] 75
085 055 06 065 07 075 0.8 0.85 09 095 1 08.5 0.55 0.6 0.65 0.7 0.75 0.8 0.2‘35 0:9 0.95 1
XGB,, XGB, o
* Background estimation fitting to data in control regions. Main backgrounds
* Boosted Decision Tree (BDT) to enhance sensitivity in signal regions. Top pairs
* Likelihood fit in both control regions (yields) and signal regions (BDT). W/Z+jets
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https://link.springer.com/article/10.1007/JHEP05(2024)263

Ht//t analysis

Preselection

FORWARD JET

Preselection requirements

Single-lepton or E’rT’rliss trigger
=] isolated e OR u

>3 jets
— >1 b-tagged jets
BOOSTED Ealﬁss > 20 GeV
TOP E‘T’“jSS + m¥v > 60 GeV

meg > 600 GeV

trat

* Background estimation by reweighting at pre-fit level.

* Likelihood fit on the effective mass distributions.

* Atotal of 24 regions entering the fit.

Institut de Fisica EXPERIMENT

d’Altes Energies

Publication: JHEP08(2023)153

Regions definition summary

3-5 jets, = 1 fwd-jet = 6 jets, = 1 fwd-jet

T — 7t 1-2 b-jets 0t,,0/1t,0H, =1V >1Vort,/t,0H

I — Hf =3bjets |[0/1t,ort,>1H,0V |>1t,/t,0/>1V,>1H

b-associated t-associated

Main backgroun
Top pairs + light-jets
Top pairs + c/b-jets

19/11/24 CPAN 2024 Adrian Rubio Jimenez 13



https://link.springer.com/article/10.1007/JHEP08(2023)153

Ht//t analysis

Preselection

FORWARD JET

trat

* Background estimation by reweighting at pre-fit level.

* Likelihood fit on the effective mass distributions.

* Atotal of 24 regions entering the fit.

19/11/24

Events
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Institut de Fisica EXPERIMENT

d’Altes Energies

Publication: JHEP08(2023)153

Postfit yields summary
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https://link.springer.com/article/10.1007/JHEP08(2023)153

OSML analysis

Preselection

2 lepton channel

, Q > 1 forward jet

7 Z candidate
pr(Z) > 200 GeV

14

> 1 top-tagged
large-R jet

> 1b-tag

Main backgrounds

Z+jets (light-flavour)

Z+jets (heavy-flavour)

ATLAS

EXPERIMENT

Publication: PhysRevD.109.112012

3 lepton channel
> 1f d jet
’ @ > 1 forward je

max[pr(lep)] > 200 GeV

/ Z candidate
¢ | pr(€f) > 300 GeV

> 3 leptons
Ap(Z,lep-3) >

N |

> 1b-tag

Ap(Z, lead-b) > g

Main backgrounds

Di-boson

Top pair + X

15
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.112012

OSML analysis ATLAS

Publication: PhysRevD.109.112012

2 lepton channel 3 lepton channel
2 S L B B L B = N BT o = R AR RN LA AN ARRARRRRR RARRERARE=
o - ATLAS e Data 1 & - ATLAS e Data e
Strategy (@ - fs=13Tev,39fp? T EIMANG 0 @ P s=13Tev,1a9T L peitA
10%L 2SR 1500 GeVg,K=0.5 - - 3ISR 1500@evg,’x=0.5 -
. . . = Post-Fit == ZTZt (doublet) ] 102 Post-Fit == ZTZt (doublet) _
* Reweighting techniques for - Bt Al : S{%‘)’("G“"‘"“"'S
background estimation. 10° e —n :
it 3 Other
-tsfrnxl | ] 10 2z Uncertainty E
e The two channels are [m— . Uncerainty ' ?
statistically combined. B : lsmm O PR
1 = SR
* Likelihood fit in the py B
distribution of the reconstructed g 107 - g 107 pp T ——
. ) m 1255 , ) /// % 2 m 125
di-lepton object. i BRI /// R R A
8 0.75F ] . % & orst e |
020 400 600 800 1000 1200 1400 160C  °300 350 400 450 500 550 600 650 700 750 800
p, (1) [GeV] b, (1) [GeV]
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Co

mbination strategy

Histograms with the likelihood
information (workspaces) generated

with

RooFit by each analysis.

Combined workspace is built:

Common systematics are correlated
among analyses.

Uncorrelated uncertainties for non-
common systematics and unconstrained
normalisation factors.

Fitting to estimate an inclusive signal

strength:
« Zt->T->Z7t
e Zt->T->Ht
* Wb->T->/7t

* Wb->T->Ht

19/11/24

Publication: 2408.08789

Systematics treatment

Category

‘ MonoTor ‘ HrZt

‘ OsMmL

Correlating

Lepton and E™ uncertainties

Electron uncertainties v v All
Muon uncertainties v v All
E?iss uncertainties v v v All
Jet uncertainties
JES uncertainties v v v All
JER uncertainties v v v H1ZT and OsmL
JMS uncertainties v None
JMR uncertainties v v None
Tagging uncertainties
Flavor-tagging uncertainties v v v Monotop and OsML
Top-tagging uncertainties v None
W/Z-tagging uncertainties Vv None
Background modeling uncer- | v/ v v None
tainties (constrained)
Background normalization factors (unconstrained)
tf normalization v None
V+jets normalization v None
Z+light-jets normalization v None
Z+heavy-flavor normalization v None
ttV normalization v None
V'V normalization v None

CPAN 2024 Adrian Rubio Jimenez

18


https://arxiv.org/abs/2408.08789

o(pp — T — HY/Zt) [pb]

Results

* No significant excess over the prediction has been found.

CATLAS

EXPERIMENT

Publication: 2408.08789

* The combination significantly improved the limits on the SU(2) singlet (doublet).

1072

19/11/24

* The excluded cross-section decreased around a 50% (20%).

* The mass limitincreased around 200 (150) GeV.

- ATLAS

95% CL upper limits

Vs=13TeV, 139 fb Obs. Comb
— e Exp. Comb
— T singlet, x=0.5 [ Exp. ﬂo
= XP. T£0
L g, +E, 48, =1,6,=6,=025 B0 Vichotop
s EXP. HtZE
-------- Exp. OSML
z== Theory (NLO)

S
......
.........
“ = TE NP L L et PTT L L

’'m;>0.5

.
.....
-----
L ]

It\|I|I|III{III‘I\I|III|I;I|I\I|II

=TT

12 14 16 18 2 22 24 26

my [TeV]

pp — T — Ht/Zt) [pb]

(
—
<

1072

IIIIIII|III|III

- ATLAS
Vs=13TeV, 139 fb

T doublet, k=0.5
EytE, 46 =18 =E =

T TTT III

Lo b b by g

Illlllllllllllllll

95% CL upper limits N

Obs. Comb
........ Exp. Comb
N Exp. t10
Exp. +20
........ Exp. HtZt
........ Exp. OSML
&= Theory (NLO)

0.5

| IIIIII|

[/m,>0.5

| II]III|

T T T T T

=TT

12 14 16
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1.8 2 22 24 26
my [TeV]
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https://arxiv.org/abs/2408.08789

Results

Publication: 2408.08789

ATLAS ATLAS

U l- . f 1 lrl_rslTelvl 1319|fb'1l T I 1T | T | 1T I T ] T 1 \(gl_rs[-relv[139rbl1l T | T I T | T T | T T l T
pper limits set tor my: - T singlet 95% CL upper limits . - T doublet 95% CL upper limits .
« Singlet: m;excluded up 09 Gy rErh =18 mE,m025 T oo ERR AR AL e Coms E
to2.1 TeVfork~0.5. 0.8:— -E:((S f::-s _: O.Si \ [N Exp. +1o 5
B o Exn M o - Exp. +20 7
* Doublet: myexcluded up b M e A R - Bxp. HEZ E
to1.6fork~0.7. - o Exp. OSML : a - Exp. OSML ]
0.6:_ X ;')‘ [T/m \50/ —: 06:— *-.\“‘{17:/??7‘:50% _:
0.5 1 05 ' -
o . . . C 32 / ] ]
Upper limits set for k: o : d 3 o4f e
. [ - Y T/m ~20/ ] B T ’r/rn «209, i
* Singlet: k> 0.25 excluded = 1 ot E
R I ] r IT =710e n
form; < 1.6 TeV. - o TTr10% . - A ’,"”_, i
0.2 e ’r/m 5% 4 02k T/m 5% =
 Doublet: k > 0.5 excluded - ] - ]
C L1 I 11| I 11| I 11| I 11| | |- | | 11 | L1 | I L] | | L 11 ‘ L 1 | | L1 | | L1 1 I 1 1 | | L1 | | L 1 | | L]

formy < 1.4 TeV. 0192 12 16 18 2 22 24 26 9% 12 14 16 18 2 22 24 26
my [TeV] my [TeV]
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https://arxiv.org/abs/2408.08789

Results

* Upper limits on the cross-section:
* Singlet: o(k, m;) > 0.02 pb excluded fork ~0.3and m; €[1.4, 1.8] TeV.
* Doublet: a(x, m;) > 0.02 pb excluded fork ~0.5and m; < 1.4 TeV.

Publication: 2408.08789

M 1 I 1'_I T | LI [ T ] T | LI ] T | T I I_ 0-06 Té_ ! 1_| T T I T T | T T | T 17T | T T T | T T | T T | 17T l_ 'E
] L k o
_ ATLAS . = - ATLAS o.12 =
0.9 N Vs=13TeV, 1391 " = N o9 5 = 13 TeV. 139 fb = S
B 7 T - 7 I
0.8 T singlet B0.05 4 0 85- T doublet e 0
: N g, 6, +E = 1.8,=E =025 |'_r SF g +E+E,=1,6,=E =05 -
» ] m . T
0.7 95% CL Obs. Comb || | g 07 95% CL Obs. Gomb | g8
. Ceno,  JEEVVE I °
06 “_‘;'.-- l"T/mT—SO/o _: g 06 -t 1—‘T/rnT=50/° { _008 8
. E ] E
0.5 e , = =
| —0.03 4 0.5 4 —0.06 3
4 P 32
0. 0 0.4 )

0.3 0.02 0.3 0.04

0.2 0.2 0.02

0.01 '
0.1 0.1
1 12 14 16 18 2 22 24 26 1 12 14 16 1.8 2 22 24 26
m; [TeV] m; [TeV]

19/11/24 CPAN 2024 Adrian Rubio Jimenez 21
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Results IF C Samas

EXPERIMENT
NSTITUT DE FIEICQ

L]
CORPUSCULA

Publication: 2408.08789

« Limits can be generalised for arbitrary values of &, . ATLAS
Ys=13 TeV, 139 fb’

. — 50 —
&y = BR(T->Wb) = 0.5 (0.0) correspond to the singlet 2 >
(doublet) interpretation. & 45 =
\’_ E"_
. . . e . —

e Singlet scenario provides the best sensitivity. 40 S
35 E
_
30 @)
52
Representation I't/mt [%] Obs./Exp. mass limit [TeV] 25 g
SU(2) singlet (¢ = 0.5) 20 2.0/2.0 3
SU(2) singlet (¢ = 0.5) 50 2.1/2.1 20 =
SU(2) doublet (& = 0.0) 20 14/14 @
SU(2) doublet (£w = 0.0) 50 1.6/1.7 15 o

10
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Conclusions

This is the first combination of singly produced VLQ searches in ATLAS.

Three channels producing a single Vector-like Top quark are combined.
* Mono-top: JHEP05(2024)263.
* Ht/Zt: PhysRevD.109.112012.

e OSML: JHEP08(2023)153.
No significant excess over the Standard Model predictions are observed.

95% CL upper limits obtained for SU(2) singlet (doublet) T-quark scenario.
* The limits improved significantly with respect the individual searches.
* The excluded cross-section decreased by a factor 2 in some cases (> 0.02 pb).
* The m;is excluded up to 2.1 (1.6) TeV for k values around 0.5 (0.7).
* kvalues above 0.25(0.5) are excluded for m,; below 1.6 (1.4) TeV.

This paper presents the most stringent limits on the Vector-like Top quarks to date.
* Publication (already accepted by PRD): 2408.08789

19/11/24 CPAN 2024 Adrian Rubio Jimenez
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https://link.springer.com/article/10.1007/JHEP05(2024)263
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.112012
https://link.springer.com/article/10.1007/JHEP08(2023)153
https://arxiv.org/pdf/2408.08789
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Conclusions SATLAS

This is the first combination of singly produced VLQ searches in ATLAS.

Three channels producing a single Vector-like Top quark are combined.
* Mono-top: JHEP05(2024)263.
* Ht/Zt: PhysRevD.109.112012.

e OSML: JHEP08(2023)153.
No significant excess over the Standard Model predictions are observed.

95% CL upper limits obtained for SU(2) singlet (doublet) T-quark scenario.
* The limits improved significantly with respect the individual searches.
* The excluded cross-section decreased by a factor 2 in some cases (> 0.02 pb).

* The m;is excluded up to 2.1 (1.6) TeV for k values around 0.5 (0.7). m
* kvalues above 0.25(0.5) are excluded for m,; below 1.6 (1.4) TeV.

This paper presents the most stringent limits on the Vector-like Top quarks to date. \ﬂj
* Publication (already accepted by PRD): 2408.08789
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HtZt reweighting EXPERIMENT

* Overestimation of the top pair cross section at

nigh py of the top quark, and underestimation at 3 g -
: : P H S 108k Vs=13TeV,139f6" ... Unreweighte _
nigh multiplicity of jets. =P t- - meneighed Bk
. . . 5 107 ::?E'iec on Mtt+=1c
* lterative reweighting factors extracted fromthe < ™" Wit
. . . . . . ingle-top
Njets and the meff distributions in dedicated - W
subregions. - 7 Uncertaity
R, (x) = Data(x) — MC"™"%(x) -
T MC* (x)
102E
Reweighting source regions o
Lepton multiplicity Jet multiplicity b-tag multiplicity Other requirements Targeted background Eé 05
B 23 | s = mZ|_< oG T nrtw_o T 16001800 20002500 3000 3500
2 >3 1 Emis < 160 GeV ’ Z+jets M [GeV]
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OSML analysis reweighting

Reweighting

Data(x) _ MCnon—Z+jets (x) 10°

2 lepton channel

EXPERIMENT
Publication: PhysRevD.109.112012

3 lepton channel

X others

@0 F T I [ I I I I I T I I
® 10°F ATLAS ® o weighted B
E _ -1 — unreweignte g.
it b Vs=13TeV,139fb" WTZt (singlet)
£ 2IPS 1500 GeV, k =0.5
107F -.e ZTZt (doublet)
1500 GeV, k = 0.5 . .
b = Zsjets (LF) Reweighting
E I Z+jets (HF)
s Vv
107 . it
10* L  tt+X

Rz4jets(x) =

19/11/24

MCZ+j ets ( x)

10°
10

..............

Single-top
22z Uncertainty

1

1.25F

o
<

Data / Bkg.

0.75f
0.5t

1 2 3 4 5 6 7 8

Main backgrounds
Z+jets (light-flavour)

Z+jets (heavy-flavour)

9 10 11 =12

Number of jets

CPAN 2024 Adrian Rubio Jimenez

data _ | VV|VV 1tX
Roi =, "'Igi_

L,i T 7o,

X others

data _| VV|. VV X
i —[”1,5 Ha;

Ui T

[
TLAS e Data
B — Unreweighted Bkg.
s=13TeV,139 0" WTZt (singlet)
1500 GeV, k = 0.5
-..-. ZTZt (doublet)
1500 GeV,k =0.5
Diboson
X
m Z+jets
Other
-2z Uncertainty

107

Events

TT \IIHII
o >

ol

@
T
(]

PRRTTIT I RTTIT A RRTITY EMRTTI |

107'E
1.25F 3

Data / Bkg.

0.75F =
0.5" :

2 3 4 5 =6
Number of central jets

Main backgrounds

Di-boson

Top pair+ X

28


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.112012

o(WTZt + ZTZt) [pb]

OSML combination

* The combination improves the sensitivity with respect to the individual analyses.
* Mass limit on the singlet interpretation improves around 200 GeV.
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Summary of CMS limits

19/11/24

Vector-like Quark Single Production

o(Qq)=E(Q—~qW) m=1.0 TeV
Vs=8 TeV
o(Qg)=H{Q—q2) m=1.5 TeV
o(Ybg) x B(Y—+bW) m=1.0 TeV
Vs=13 TeV
o(Tba)x BT—~bW) m=1.5 TeV

o(Tbhg)<H(T=+1H), LH

o(Ttg)=5(T=+1H), LH
o(Ttg)«E(T—=tH), RH
a(Thq)xH(T—+1Z), LH
o(Ttq)xB(T-+1Z), RH
o(Btq)x 5(B—+bZ)
o(Bbq)x B(B—+bZ)

a(Bbg) = 5(B-=bH)
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